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Introduction
Cytochrome c oxidase (CcO) is an integral membrane protein complex that catalyzes the final step in the electron transport chain of mitochondria and some species of aerobic bacteria. 1 This enzyme is a member of the heme-copper oxidase superfamily, which is divided into three main families: A, B and C, according to the differences in the pathways and mechanisms of proton transfer. Family A oxidases, also known as mitochondrial-like oxidases, can be further subdivided into two groups: type A1 and type A2, depending on a conserved sequence of residues at the end of one of the proton conducting channels. 2 In this work, we will focus on type A1 oxidases, which include some of the most widely studied systems, such as the bovine heart mitochondria, Paracoccus denitrificans and Rhodobacter sphaeroides enzymes. 3 Type A1 oxidases share structural similarities in their core functional unit, composed of subunits I and II ( Figure 1A ). 2 Subunit I, which is also known as the catalytic subunit, contains a low-spin heme (heme a) and a high-spin heme (heme a 3 ).
Heme a 3 , together with a copper ion (Cu B ) form the so-called binuclear center. Subunit II contains a binuclear copper center (Cu A ) which receives the electrons from cytochrome c. 2 Cytochrome c oxidase couples the reduction of O 2 to H 2 O with the transfer of protons across the membrane. It was determined experimentally that in the bovine heart mitochondria, P. denitrificans and R. sphaeroides oxidases, this reaction follows a stoichiometry of one proton pumped per electron, as shown in Eq. 1. 3 
cytc 2+
The protons required for the reduction of O 2 come from the negative (N), or inner, side of the membrane (H + N ), whereas the electrons from the oxidation of cytochrome c (cytc 2+ P ) Figure 1 : Schematic representation of the subunits and redox centers in CcO (A) and the residues that comprise the D and K proton conducting channels (B). The crystallographic water molecules in both channels are hidden for clarity. All figures showing depictions of molecules were made using the PyMOL graphics package 4 and the GNU Image Manipulation program. 5 come from the positive (P), or outer, side. Of the eight protons involved in this reaction, only four are required for the reduction of O 2 . The remaining four protons are pumped across the membrane, from the N-to the P-side (H + P ), which contributes to generation of a transmembrane electrochemical gradient. Both chemical and pumped protons are transported by two input channels: the D-channel and the K-channel ( Figure 1B ). 6 The largest of the two proton conducting channels, the D-channel, contains a highly conserved aspartic acid residue, D132 I (R. sphaeroides numbering is used throughout this paper), which is located at the surface of the N-side of the protein, and gives the channel its name. The channel contains a network of water molecules leading to an important glutamic acid residue, E286 I , which is located approximately within 10 Å of the binuclear center in subunit I. The D-channel transports between two and three of the four chemical protons required for the reduction of dioxygen, as well as all four pumped protons. 7 The K-channel transports the remaining one or two chemical protons required for catalysis, and its entry point is thought to be located near E101 II . 8, 9 The protons are then transported to K362 I , a highly conserved lysine residue after which the channel is named.
The channel ends at another conserved residue near the active site of the oxidase: Y288 I . 10 A third channel, named after a conserved histidine residue (H456 I ), 11 has also been identified: the H-channel. Although H456 I and some of the other hydrophilic residues that are part of the H-channel are conserved in oxidases from different species, some key residues are absent in bacteria, resulting in an incomplete network when compared to the mitochondrial oxidase, for instance. Point mutations were performed on several residues of this channel which resulted in a decrease of enzymatic activity in mitochondrial oxidases, but not in bacterial oxidases. 12, 13 Although these studies showed that the H-channel is only relevant as a proton conducting pathway in mitochondrial CcO, an alternative role for this channel in bacteria was proposed as a dielectric channel, which is a channel with a high dielectric strength that connects the protein surface and a buried center, and that, despite its inability to conduct a proton current, provides a pathway of dielectric relaxation for the transient introduction of a charge into the center. [14] [15] [16] The role of the residues lining the D-and K-channels has been studied both experimentally and computationally (reviewed in Refs. 7 and 17, respectively) using different techniques, but some details of the proton transfer mechanism are still not fully understood, particularly when taking into account the effect of the generated electrochemical gradient.
The electrochemical gradient has an electrical and a chemical component: respectively, the membrane potential (∆ψ), and the difference in pH across the membrane (∆pH). 18 Although it is possible to perform experimental studies of proton pumps in the presence of these gradients (e.g. Refs. 19, 20 21 and 22) , their inclusion in computational approaches is usually not performed. Ullmann and co-workers 23 included a pH gradient in their continuum electrostatics/Monte Carlo (CE/MC) study of bacteriorhodopsin, which allowed them to determine how this gradient affected the titration of key residues involved in proton transfer. In a later study, they also included a transmembrane potential in the computational study of bacteriorhodopsin, and it was shown to also affect the protonation state of key residues. 24 Although it has been suggested that the pH gradient is not as significant as the membrane potential as a component of the electrochemical gradient in some of these systems, 18 these two studies by Ullmann and co-workers have shown that the ∆pH can significantly affect the titration of several residues, meaning that its presence is an important factor to consider when studying this type of protein.
In this work, we modified our current CE/MC method 25, 26 in order to include a pH gradient and applied this new implementation to the study of cytochrome c oxidase. Our results show that the titration of several residues is affected by the pH gradient across the membrane, particularly the titration of key residues known to be involved in the proton transfer process of CcO.
Methods

System setup
We used the fully oxidized state of CcO from R. sphaeroides (PDB ID: 2GSM 27 ) as the starting structure. All metal centers and non-standard residues were parameterized as described in a recent publication. 28 Only the core functional unit, composed by subunits I and II, is included in this X-ray structure. An explicit bilayer with 256 1-2-dimyristoyl-snglycero-3-phosphocholine (DMPC) molecules was added to the starting structure using the GROMACS genbox tool. 29, 30 Lipid molecules clashing with the protein were automatically removed, resulting in a bilayer with 172 DMPC molecules. SPC water 31 molecules were added, and the system's energy was minimized for 5000 steps using the steepest descent algorithm, 32 followed by 10 4 steps using the limited-memory Broyden-Fletcher-Goldfarb-Shanno algorithm. 32 The system was then initialized for 20 ns with all protein atoms heavily restrained in order to allow the lipid molecules to adapt to the protein structure. Lastly, in order to completely remove any residual motion of groups during the initialization process, the resulting protein structure was replaced by the starting x-ray structure. The relative accessibility of x-ray water molecules to the solvent was performed using ASC, 33, 34 and all non-crystallographic water molecules and those with a relative accessibility above 50% were removed after this process. The resulting structure was used in the continuum electrostatics calculations.
Energy minimization and initialization simulations were performed using GROMACS 4.0.7 29, 30 and the GROMOS 54A7 force field. 35 Periodic boundary conditions were used in a tetragonal unit cell. Non-bonded interactions were treated using a twin-range method 36 with short-and long-range cutoffs of 8 Å and 14 Å, respectively, and with the neighbor lists updated every 5 steps. In addition, the long-range electrostatics interactions were treated using the generalized-reaction-field method. 37 Bond lengths were constrained using the LINCS algorithm 38 and an integration time step of 1 fs was used due to the high restraints imposed on the protein structure, as previously mentioned. Temperature coupling was performed using the v-rescale thermostat, 39 and the temperature was set to 310 K using a coupling constant of 0.05 ps. A semi-isotropic pressure coupling was performed using the Berendsen barostat. 40 The compressibility was set to 4.6 × 10 −5 bar −1 and the coupling constant was set to 10 ps.
CE/MC calculations
Finite difference Poisson-Boltzmann calculations were performed using MEAD 2.2.9. 41 A three-step focusing procedure was used for the protein and membrane system, with the first grid composed of 161 3 points, each spaced 2.0 Å, the second grid composed of 81 3 points, each spaced 1.0 Å and with the third grid composed of 81 3 points each spaced 0.25 Å. A two-step focusing procedure was used for the model compounds using 61 3 grid points spaced 1.0 Å and 0.25 Å for the first and second grids, respectively. Protein and lipid atoms were assigned partial charges and radii derived from the GROMOS 54A7 force field 35 as previously described. 42 Proton isomerism was included as tautomeres for the neutral forms of all titratable sites and as rotamers for water molecules and serine and threonine residues, as described elsewhere. 26, 28, 42 The pK values of the model compounds were the ones previously used by Oliveira et al. 43 The molecular surface was defined with a solvent probe radius of 1.4 Å, and a Stern ion-exclusion layer of 2.0 Å. A temperature of 300 K and an ionic strength of 0.1 M were used. Dielectric constants of 80 and 10 were assigned respectively to the solvent and to the protein/membrane regions. When applied at the molecular level, the dielectric constant of non-solvent regions is essentially an empirical parameter that attempts to capture all factors not explicitly included in the model used, 44, 45 such as structural reorganization, being highly dependent on the nature of this model. 45 Thus, different CE/MC methodologies must be compared as a whole, since their parameters are tightly related (e.g., a higher inner dielectric constant may be needed to compensate for the radii of united atoms and the generally higher dipoles occurring in GROMOS force fields). Our CE/MC method typically needs a moderately large dielectric constant in the absence of full structural sampling, requiring a value of 6 or 8 even when limited reorganization is explicitly included. 44, 46 Thus, since the CE/MC calculations are performed in the present work using a single rigid structure, a dielectric constant of 10 was chosen. Furthermore, a value of 10 was found to accurately reproduce the protonated state of the retinal in the ground state of bacteriorhodopsin, used for testing the present methodology "Method validation" below).
Monte Carlo (MC) calculations were performed using the newest version of our inhouse program PETIT 25, 26 which was modified in order to include a pH gradient. Unlike the previous implementations of PETIT, where all titratable sites are exposed to a single pH value, this newer version requires the pre-assignment of sites to two different proton baths named 'N' and 'P' (after the two sides of the membrane), each with a particular pH value. The first step of the method is this assignment of sites to either the N-or the P-side. This was performed by selecting all lipid molecules within a 30 Å radius of the center of the protein, and using the average z coordinates of the phosphorous atoms of each monolayer to calculate a membrane midpoint. Using a simple geometric criterion, the z coordinates of the functional groups of titratable residues were then compared to the membrane midpoint, and assigned to either the N-or the P-side if they were below or above it, respectively. The only site which had to be manually assigned due to its location near the midpoint was E286 I . Given that the side chain of this residue is facing down towards the N-side in all x-ray structures, 47 we decided to assign it to this side.
The assignment results in a two-column file identifying all titratable residues and their corresponding assignment to one of the proton baths. This file is then used by PETIT, along with two user-specified parameters: the pH and the ∆pH. The program will use the ∆pH value in order to calculate the values of pH N and pH P using: pH input ± (∆pH/2). The sampling of protonation states is then performed as in previous implementations, 26, 42 but using the modification discussed in detail by Ullmann and co-workers: 23 instead of using a single pH value when computing the global free energy change due to the capture/release of protons, each individual site-specific term uses the pH value of its assigned membrane side, i.e., pH N or pH P (see eq. 4 in reference 23).
Calculations were performed for all combinations of pH values in the 0-14 range using an interval of 0.1 pH units, and in the 5-9 range using an interval of 0.025 units. Each MC run consisted of 10 3 equilibration steps followed by 10 5 production steps (or 10 6 steps for the calculation of correlation values), with one step corresponding to a cycle of single trial protonation moves on each site plus a cycle of double trial moves on each pair of strongly-coupled sites (with an interaction above 2 pK a units). Trial moves were evaluated with a Metropolis scheme 48 using the Poisson-Boltzmann protonation energy terms and the pH of the solution, as previously described. 23, 26 
Method validation
The implementation of pH gradients in our continuum electrostatics method was tested using a simpler system, namely bacteriorhodopsin, and by comparing the results with those that Ullmann and co-workers obtained using their in-house software, which also included a pH gradient. 23 Bacteriorhodopsin is perhaps the most well studied proton pumping system. It is an archaeal light-driven proton pump, composed of seven transmembrane helices and with a retinal chromophore, which, when stimulated by light, triggers a series of conformational events that lead to a proton being transferred from the N-to the P-side of the membrane. 49 The starting structure of bacteriorhodopsin was prepared following the protocol of Ullmann and co-workers, using the high-resolution ground state structure (PDB ID: 1C3W 50 ) as the main structure, and building the missing loops with Modeller 9v6 [51] [52] [53] [54] using an x-ray structure of bacteriorhodopsin grown in lipidic cubic phases obtained at 1.9 Å (PDB ID: 1QHJ 55 ). In addition, both termini were capped. The atomic partial charges for the retinal group were parameterized using quantum chemical methods. Protons were energy optimized using Gaussian09 56 by keeping the positions of the heteroatoms fixed.
Optimizations were performed using B3LYP/6-31G(d). Single-point calculations were then performed on the resulting optimized structures using B3LYP and cc-pVTZ basis sets. Solvent effects were included using PCM in a medium with a dielectric constant value of 4. The RESP method 57 was then used for the derivation of atomic partial charges for the atoms of interest, which can be found in the supporting information ( Figure S1 ).
Bonds and van der Waals parameters were adapted from the GROMOS 54A7 force field, whereas angles and dihedrals around the nitrogen atom were parameterized using a quantum/molecular mechanical approach. 58 The construction of the membrane system and initialization protocol were performed as described for CcO, using the same parameters.
Poisson-Boltzmann calculations were then performed at 293 K, using an ionic strength value of 1 M and a dielectric constant value of 10. The assignment of titratable sites to a side of the membrane was performed as described for CcO, which resulted in all sites being assigned in agreement with the method used by Ullmann and co-workers. 23 Ullmann and co-workers 23 reported that six out of the total 39 titratable residues in bacteriorhodopsin exhibited an irregular titration behavior that was dependent on the pH values on both sides of the membrane. Our method was able to correctly identify the same six irregularly titrating residues: D85, D96, D115, E194, E204, and the retinal group ( Figure   S2 in the supporting information). Overall, in the terms of the dependence on the pH gradient, our results are in agreement with those of Ref. 23 , e.g. our method was able to correctly model the antagonistic behavior described by Ullmann and co-workers between the two titration curves of D85 and the retinal group which is in agreement with the fact that a proton is transferred between the two residues. In addition, calculations were also performed in which D115, a residue which is located in the very center of the protein and that was manually assigned to either the N-or the P-side in calculations performed by Ullmann and co-workers, was also assigned to either the N-or the P-sides of the membrane in different calculations. This assignment was found to have some effect, although small, on the titration of the other key residues, also in agreement with Ullmann and co-workers, as observed in Figure S2 in the supporting information. Although the same trends were observed, it is worth noting some differences in the titration curves between our results and those of Ref. 23 , which can be attributed to two main factors: the different charges and radii, whose underlying force field is united-atom in the present work, and all-atom in the work by Ullmann and co-workers; the different non-solvent dielectric constants, which in the present work is higher than the one used in Ref. 23 . (Preliminary tests showed that the use of different membrane models, explicit in the present work and implicit in Ref. 23, does not significantly affect the results.) In any case, as already noted above, molecular CE models are largely empirical, meaning that these two types of parameters are closely related and that different methodologies should be compared as a whole. This view is reinforced by the fact that, despite their different methodologies, the same overall trend was found in both works for all titratable residues, particularly for those found to be influenced by the pH gradient.
Results and discussion
Types of titration behavior
The titration profiles of some residues in CcO, 59 as well as in other proton pumps, 23, 60 may deviate from the standard Henderson-Hasselbalch sigmoid behavior due to strong electrostatic interactions with other residues. In addition to this, the titration curves become even more complex by the inclusion of different pH values on both sides of the membrane. In order to depict how the the titration profiles of residues were affected by the pH on the N-and P-sides of the membrane, two-dimensional titration curves were plotted for all residues of CcO ( Figure S3 in the supporting information). As observed for bacteriorhodopsin, 23 three different types of titration behavior were identified ( Figure 2 ):
(i) residues that did not titrate at any pH value, namely buried residues that are closely interacting with other nearby residues or water molecules (e.g. Y146 I and E539 I ); (ii) residues whose titration is only affected by the pH of the side they were assigned to, which are usually exposed residues that titrate without being influenced by the pH on the other side of the membrane (e.g. E86 I and R137 I ); and lastly, (iii) residues whose titration is affected by the pH gradient (e.g. Y422 I and H456 I ), which are the ones this work will focus on.
Although there are several residues which exhibit a titration curve that is influenced by the pH gradient, most of them only titrate at extreme pH values, as exemplified by residues Y422 I and H456 I (Figure 2 ). Despite this, it is worth noting that one of these residues, H456 I , is a conserved histidine in the H-channel. Given that it has been shown by mutation experiments that the H-channel in bacteria is not critical for the function of CcO, 62 the biological relevance of this dependence on the pH gradient is not clear.
Identification of key residues
Among the several residues whose titration is influenced by the pH gradient, three are particularly noteworthy, mostly because this effect can be observed at physiological pH values ( Figure 3 ). These residues are: Glutamate 286 (E286 I ), Tyrosine 288 (Y288 I ) and
Lysine 362 (K362 I ). As mentioned in the introduction section, E286 I , Y288 I and K362 I are key residues in CcO and are all part of the proton conduction channels of the protein (E286 I of the D-channel; Y288 I and K362 I of the K-channel) and as expected, all three of these residues play critical roles in the proton transfer mechanism of CcO. E286 I is located at the very end of the D-channel, near the active site of CcO. It has been suggested that this residue, due to its proximity to the catalytic site, serves as a regulator of the flow of chemical and pumped protons, both of which are transported through the D-channel. The side chain of E286 I has been observed to be in contact with the N-side of the membrane when facing down towards the D-channel as in our study, and indeed as in Figure 2 : Two-dimensional titration curves of some residues in CcO. The protonation is shown in a color scale from red (deprotonated, 0) to blue (protonated, 1). The location of the residues in the protein is also shown in the center figure. All plots were made using Gnuplot 4.4. 61 all x-ray structures of CcO. 27, 63, 64 An upward facing conformation of this side chain has also been proposed through an interaction with the D-propionate of heme a 3 as part of a valve mechanism 47,65,66 which would prevent the leakage of protons to the N-side of the membrane back through the D-channel in the direction of the gradient. Y288 I is a highly conserved residue among heme-copper oxidases and is the terminal residue in the K-channel, 2 located within hydrogen-bonding distance of the hydroxyl group of the farnesyl side chain of heme a 3 . This tyrosine is a very particular residue: it is covalently bound to one of the histidine residues that coordinates Cu B (H284 I ), by a post-translational modification. 63, 64 It has been postulated that Y288 I is directly involved in the catalytic process of CcO, by donating a hydrogen atom to facilitate the breaking of the O-O bond. 11 K362 I is another highly conserved residue. It is located in a hydrophobic environment, approximately 15 Å below the binuclear center. 14 It is located near the entrance of the K-channel, and appears to provide a direct pathway for substrate protons to reach the hydroxyl moiety of Y288 I at the active site of the enzyme, despite the absence of a fully connected water network. 11, 67 It is also worth noting that in the available crystal structures 27,63,64 the side chain of K362 I points downward in the direction of the N-side of the protein, instead of up and bridging the gap between the entrance and the binuclear center, as would perhaps be expected, given the distance between the side chain of K362 I and the other residues in the K-channel near the active site (e.g. Y288 I ). Molecular dynamics simulations have shown that the side chain of K362 I is flexible enough to accomplish this motion. 28, 68, 69 pK a values in the absence of a pH gradient As we can observe in Figure 3B , in the absence of a gradient, the titration curves for E286 I , Y288 I and K362 I retain a sigmoidal appearance. The midpoint pK a values calculated for all three residues are very similar: pK a (E286 I ) = 7.9, pK a (Y288 I ) = 7.4, pK a (K362 I ) = 7.6. The blue outline shows the other residues in the D-channel, and the red outline shows the other residues in the K-channel. Also shown are the titration curves for the three residues without any gradient present (B) and in the presence of a pH gradient (C). In addition, the close-ups of the white squared region in C are also shown (D). The diagonal white lines represent the case where no pH gradient is present (i.e. the curves shown in B).
The pK a values of all residues are shown in table S1 in the Supporting Information.
Regarding E286 I , it has been reported that this particular glutamic acid residue has an unusually high pK a value when compared to solution, which is in agreement with the value of 7.9 we obtained. This value is slightly below the apparent pK a value of 9.4 obtained using a simple kinetic model to interpret time-resolved optical spectroscopy experiments, 70 as well as the pK a values between 8 and 12 calculated using other computational methods, 66, 71 but it is consistent with the uncertainty of ±1 pK a unit typically obtained with computational estimates. 42, 72, 73 This unusually high pK a value means that this residue is mostly protonated at neutral pH. This has been proposed to provide a mechanism through which the leaking of protons back through the D-channel is prevented. 71 Although E286 I is a buried residue, deprotonation and reprotonation of E286 I have been observed experimentally by time-resolved ATR-FTIR spectroscopy, 74 which indicates that despite its relatively high pK a value, the residue is able to change protonation state during the catalytic cycle of CcO.
In the case of Y288 I , a pK a value of 7.4 was obtained. Even though this value is slightly above the value of 6.6 obtained for the oxidized state of CcO using FTIR, 75 this is again consistent with the typical uncertainty of ±1 pK a unit. The pK a value of Y288 I is lower than that of a tyrosine residue in solution largely due to its covalent bond to H284 I , which as previously reported, allows it do donate a proton during catalysis at physiological pH values. 63, 64, 76, 77 The effect of this covalent bond is taken into account by the pK a value of the model compound, i.e. the pK a of the isolated group when it is completely solvated, being lower than that of a regular tyrosine, as previously described. 43, 78 Lastly, K362 I is often believed to be neutral at physiological pH, as supported by the very low (even negative) pK a values obtained in some computational studies. 69, 79 However, some kinetic data suggest that this site may be actually charged at neutral pH during the catalytic cycle, 80 in agreement with our present pK a value of 7.6 and the one obtained in another computational study. 81 The discrepancy between these computational studies, all ultimately relying on a CE model to estimate ionization free energies, may largely result from the methodological details of each approach (e.g. structural sampling, treatment of water molecules, etc).
It is also interesting to compare the pK a values reported here with the results of a recent study using constant-pH MD simulations at pH 7, 28 in which these three residues were observed to be neutral. This is consistent with the present pK a values of 7.9 for E286 I and 7.4 for Y288 I (which indicate mostly neutral states at pH 7), but not with the pK a of 7.6 for K362 I (which indicates a mostly charged state at pH 7). However, given the use of a single pH value of 7 in the constant-pH MD study, together with the above-mentioned uncertainty around 1 pH unit expected from these calculations, it is difficult to judge the significance of this discrepancy for K362 I .
Influence of the pH gradient on key residues
Regarding the influence of the pH gradient on the titration of E286 I , Y288 I and K362 I , Figure 3C shows how the titration curves of these residues are affected by the pH values on both sides of the membrane. We can observe that, in all three cases, the major influence comes from the pH of the side they are assigned to. This is why the two-dimensional titration curves of E286 I and K362 I , both assigned to the N-side of the membrane, bear some similarity, particularly at physiological pH values (figure 3D), whereas Y288 I is more influenced by the pH on the P-side. Like other residues affected by the pH gradient (see figure S3 in the SI), E286 I , Y288 I and K362 I display a consistent trend: if the pH of the membrane side to which they are assigned is kept fixed and the pH on the opposite side is increased, they tend to become more protonated, which may seem counterintuitive. This general trend is due to the fact that a pH increase on one side leads, through local proton exchange equilibrium, to a lower repulsion on protons at the other side. For example, if pH P is increased while pH N is fixed at 7-8, the residues assigned to (in equilibrium with) side P would tend to become less protonated, therefore reducing the electrostatic repulsion exerted on protons potentially binding to residues assigned to side N, which thus tend to increase their protonation. This effect is noticeable only when residues assigned to different membrane sides are sufficiently close to electrostatically affect each other, which explains why few residues display this behavior. In all cases, the region we are most interested in is the region below the diagonal line in figures 3C and 3D, particularly when the pH on the N-side increases and the pH on the P-side decreases, which is what would be observed as protons are pumped from the N-to the P-side.
In the case of E286 I , we can observe that in this region, at pH values below neutrality, e.g. pH N ≈ 6 and pH P ≈ 5, E286 I is still protonated, but starts to deprotonate as soon as the pH N increases. Since E286 I tends to deprotonate as the pH gradient increases, it would gradually become thermodynamically less prone to transfer either chemical protons to the binuclear center or pumped protons to the P-side of the membrane. Therefore, the persistent building of a pH gradient could eventually lead to a decrease in both the pumping and the catalytic activity of CcO.
Regarding Y288 I , as the pH N increases and the pH P decreases, Y288 I appears to be almost exclusively protonated, particularly in the region where pH N is over 6.5 and pH P drops below 6.5. In this region, Y288 I will prefer to hold on to its proton, rather than donate it to the oxygen molecule in the binuclear center, thereby thermodynamically hindering the catalytic activity of CcO. Therefore, a gradual increase of the pH gradient would eventually impair the transfer of chemical protons from Y288 I to the binuclear center, which could lead to a reduction in the catalytic activity of the oxidase.
As for K362 I , despite being located approximately 15 Å away from the binuclear center, we can observe that its titration is also dependent on the pH gradient. When focusing once again on the region below the diagonal line ( Figure 3D ), as the pH N increases and the pH P decreases, K362 I tends to become deprotonated. When K362 I becomes deprotonated it is unable to transfer chemical protons to Y288 I via the K-channel, which as we have previously mentioned, could also hinder the catalytic activity of the oxidase.
If we take into account the two-dimensional titration curves of all three residues, we can observe that as the pH gradient increases, E286 I and K362 I tend to deprotonate, and Y288 I tends to become protonated. The trend observed seems to suggest that in the presence of large pH gradients (>2 pH units), key residues in both proton conducting channels of CcO tend to become unable to perform proton exchanges, thereby affecting both the proton pumping and the catalytic activity of the oxidase. Even though the differences in pH across the membrane are usually not this large (usually in the order of 0.5-1.0 pH units), 1, 18 these results seem to suggest that these key residues may be part of a regulatory mechanism in CcO. As in similar CE/MC studies of proton transfer, 23, 24, 79 these results capture only the thermodynamic aspect of the transfer, which, although a major component of the energy barrier, is not the only determinant for the kinetics. 82, 83 
Correlation between protonation states
Due to their known roles in the catalytic and proton pumping activities of CcO, and as we can observe in Figure 3A , it is no surprise that E286 I , Y288 I and K362 I are relatively close to each other. The distances between the Oε1 atom of E286 I , the Oη atom of Y288 I and the Nζ atom of K362 I were measured and found to be below 20 Å, as shown in Figure 4A . As done before, 23, 25, 84, 85 and in order to better evaluate the effective interactions of these residues with each other as well as with other residues, we calculated the correlation between the protonations of all site pairs at all pH gradient values. The calculated correlations are normalized values as used in Refs. 25,84,85 which range from −1 (completely anticorrelated) to +1 (completely correlated). A positive correlation value means that two sites tend to be (de)protonated at the same time, and are, as such, correlated, whereas a negative correlation value means that the titration of two sites is anti-correlated, i.e. that one site tends to protonate when the other one deprotonates. A correlation value of zero means that the two sites are not correlated.
We can observe in Figure 4 that the protonations of the three key sites E286 I , Y288 I and K362 I exhibit a small anti-correlation. Figures 4B and D show that the protonation of Y288 I is negatively correlated with both E286 I and K362 I in the region where all three residues are titrating. These results indicate that when Y288 I is protonated in this pH range, it is unlikely that either E286 I or K362 I are simultaneously protonated. In addition, despite the larger distance between E286 I and K362 I , together with the fact that they belong to different proton conducing pathways, the protonations of these two residues appear to be negatively correlated, as we can observe in Figure 4C . This negative correlation occurs roughly along the same region where both would be titrating (i.e. where their yellow regions in Figure 3D approximately overlap), which is not surprising. It is interesting to note however, that in the area which coincides with the region where Y288 I is titrating, the protonation of the E286 I and K362 I ceases to be negatively correlated, which suggests that the titration of Y288 I may lead to the D-and K-channels operating independently.
Taken together, these results suggest a possible role of Y288 I in the regulation of proton transfer (Fig. 5 ). In the pH range where Y288 I is not titrating, either E286 I or K362 I tend to be protonated, meaning that either the D-or the K-channel can transfer protons, whereas when Y288 I is titrating, E286 I and K362 I lose their anti-correlation and become more likely to be simultaneously protonated, meaning that both channels could be working at the same time. It has been previously suggested that E286 I could fulfill such a role, 47, 65, 66 either by itself or as part of a network of interacting residues, given that it is a key component of the D-channel, which transports both chemical protons to the binuclear center and pumped protons from the N-to the P-side of the membrane. However, despite Y288 I being part of the K-channel, which only transports chemical protons, its relative proximity to E286 I (and thus, the D-channel) and its known role in catalysis make it also a candidate for the regulation of proton flow. Although some experimental studies indicate that an increase in ∆pH negatively impacts the activity of CcO, in agreement with the regulatory mechanism here proposed, they were done with additional CcO subunits or additional respiratory complexes present, and no connection was established with particular CcO residues. 21, 22 Therefore, further studies, possibly involving the remaining intermediates of the reaction cycle, are required in order to test this hypothesis.
It should be noted that the correlations between these three residues may be affected by structural reorganization, which his here simply modeled through a moderately higher dielectric constant for the protein interior. As noted above, a recent constant-pH MD study, allowing for changes of both protonation and conformation in CcO 28 did not show (de)protonation events of these three residues, but E286 I and K362 I were found to display substantial flexibility, which other studies suggested to be coupled with (de)protonation (e.g. see references 47, 69, 86) . Further studies with explicit structural flexibility are needed to elucidate these correlations. Figure 5 : Schematic representation of the proposed regulatory mechanism in CcO. The figure on the left shows a close-up of E286 I , Y288 I and K362 I , with blue and red arrows depicting the flow of protons in the D-and K-channels, respectively, with protons transferred from the N-to the P-side contributing to the formation of a pH gradient. As the gradient becomes larger (right), and the titration of the three residues moves further away from the midpoint ( fig. 3C and D) , they become unable to exchange protons and, as such, the catalytic and proton pumping activities of CcO become impaired. Once this proton transfer is blocked, the lower pH gradient can be reestablished by other proton fluxes (ATP synthase, etc), then restoring the proton transfer ability of these three residues.
Conclusions
In this work, we studied the effects of the pH gradient on the protonation states of residues in cytochrome c oxidase. By including ∆pH in our CE/MC method, we found three different types of titration behavior, as it was also observed in the case of bacteriorhodopsin: 23 residues that did not titrate, residues whose titration was only affected by the pH of the side they were assigned to, and residues whose titration was affected by the pH gradient.
Among the residues whose titration depended on the pH gradient, three were found to be particularly relevant: E286 I , Y288 I and K362 I . All three of these residues were previously identified as key residues involved in proton transfer. We determined the pK a values for these three sites in the absence of a pH gradient and found that there was agreement with previous studies in the case of E286 I and Y288 I (within 0.8-1.5 pK units), while our result for K362 I supports previous studies proposing a pK a around neutrality, rather than those proposing a very low pK a .
Regarding the influence of the pH gradient on the titration of these residues, we found that, as the gradient increases (i.e. pH N increases and pH P decreases), E286 I , Y288 I and K362 I become less prone to exchange protons. We have also found that, in this gradient region, the protonation of these residues shows some anti-correlation, which means that usually when one of them becomes protonated, the others tend to become deprotonated.
Given their role in the proton transfer pathways of CcO, if any of these residues is unable to exchange a proton, the catalytic and proton pumping activities of CcO become impaired.
These results suggest that these residues may be part of a regulatory mechanism to control the proton flow if the gradient becomes too large (Fig. 5 ).
The present study shows that, as previously found by others, 23 the inclusion of a transmembrane pH gradient in CE/MC calculations enables the detection of residues whose titration is influenced by the pH gradient. In the particular case of CcO, this allowed us to find that well known key sites involved in the proton transfer mechanism of this enzyme are sensitive to this gradient and possibly involved on regulation mechanisms. Therefore, this approach seems to be a valuable tool for the study of proton transfer in systems experiencing a pH gradient.
